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Cellulose, a linear polymer of glucopyranose sugar 
molecules, is synthesized both by plants and bacteria. 
The plant-produced cellulose is present along with 
other compounds such as hemicelluloses and lignin, 
and has been used historically for a wide variety of 
applications ranging from paper-making to cosmetics. 
The cellulose produced by bacteria, on the other hand, 
is pure and difficult to make on a large scale as it  
requires special bacterial cultures. The cellulose  
fibres, however, have high strength compared to 
plant-produced cellulose because of the high degree of 
crystallinity, and hence have found a renewed interest. 
Cellulose alone with its limited physical properties, 
however, cannot satisfy the wide-ranging properties 
required in the case of modern devices. Hence it has 
been functionalized by incorporating nano and sub-
micron particles of a variety of materials depending 
on the end application. The unique, relatively inert, 
porous network structure of cellulose facilitates this 
method of functionalization. This flexibility facilitates 
development of multifunctional composites and has 
been recently demonstrated by synthesizing compos-
ites for widely different areas ranging from biocom-
patible arterial grafts to biodegradable, electrically 
conducting paper. This review summarizes these  
recent developments and highlights the application 
potential of pure bacterial cellulose and functionalized 
bacterial cellulose. 
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THE current trend in materials research is to develop  
materials which are sustainable, environmentally safe and 
biocompatible. This trend is driven by the recent height-
ened concerns over sustainability of resources and envi-
ronmental impact of production technologies for non-
sustainable materials. Given this backdrop, a material 
such as cellulose which is produced both by plants and 
bacteria on a totally sustainable basis assumes great signi-
ficance for future materials development efforts. The high 
strength of cellulose fibres coupled with its biocompati-
bility and biodegradability provide additional incentives 
to not only study but incorporate this material into the  
future materials needs, be in medicine, electronics or  
energy production. 

 Cellulose is an insoluble biopolymer which is made by 
both plants and bacteria, and is one of the most abundant 
renewable natural materials to be found on earth. It is  
reported that ~ 1012 tonnes of cellulose is produced annu-
ally and this constitutes one of the major fractions of the 
total biomass produced. Historically, plant-produced cel-
lulose has been in use for thousands of years in the form 
of wood, cotton and other plant fibres as a source of 
heat/energy, building material and protective clothing. 
The more recent uses of this material are in paper, coat-
ings, laminates, optical films and sorption media, as well 
as for property-determining additives in building materi-
als, pharmaceuticals, food stuff and cosmetics. Bacterial 
cellulose (BC), on the other hand, has been used mainly 
as a raw material for nata-de-coco, an indigenous desert 
food of the Philippines. The use of BC for other large-
scale industrial applications requires explicit synthesis 
utilizing cultured bacteria, which is non-trivial. Cellulose, 
as mentioned above, is synthesized by a variety of organ-
isms ranging from trees and plants to different types of 
bacteria – prokaryotes, eukaryotes and cyanobacteria. 
The biochemical pathways that are followed by the vari-
ous living organisms to synthesize cellulose have been 
fairly well understood. In the case of plants cellulose is 
produced and stored within the cells, appressed against 
the cell wall. This appressed cellulose provides support 
from the inside to resist the osmotic pressure on the cell 
wall. However, the exact reasons for the synthesis of cel-
lulose by the bacteria are still not completely understood. 
It is hypothesized that the cells produce cellulose for pro-
tection from ultraviolet radiation, harsh chemical envi-
ronment and to access oxygen from the air1–8. Irrespective 
of the reasons for the production of cellulose either by 
plants or bacteria, it is a unique structural fibre which is 
biocompatible as well as biodegradable. Hence it is  
increasingly being used as a strong structural template to 
synthesize active, functional BC for both biological and 
non-biological applications. A survey of the recent pub-
lished literature, from 2005 onwards (Figure 1) shows the 
increasing activity based on BC. This review therefore is 
organized in the following sequence: the synthesis metho-
dology used by bacteria which gives the interesting  
microstructure is discussed first followed by its use in 
biological and non-biological applications. These applica-
tions are mentioned from the perspective of their novelty 
and range and they are by no means exhaustive. 
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Synthesis, molecular and macroscopic structure 
of cellulose 

Cellulose is a linear polymer made of β-1-4 gluco-
pyranose molecules, –[C6H10O5]n– which are covalently 
linked through acetal functions between the OH groups of 
C1 and C4 carbon atoms (Figure 2). The glucose rings are 
rotated in the plane by 180° in order to accommodate the 
bond angles of acetal oxygen bridges. As a result of this 
rotation the linear polymer has screw rotational axis 
symmetry and hence two adjacent structural units consti-
tute the basic repeat unit called disaccharide cellobiose. 
The cellulose synthesized by both plant species as well as 
bacteria has identical molecular structure and repeat 
units. The macroscopic organization of these repeat units, 
however, is different in the two cases and differs from 
species to species. In the case of plants, cellulose is pro-
duced and present internally as an appressed layer along 
 
 

 

 
 

Figure 1. A survey of the recently published literature from 2005 
onwards showing a steady increase in the number of publications 
wherein bacterial cellulose (BC) has been functionalized for biological 
and non-biological applications (data compiled from sources such as 
Scopus and Google Scholar). 

 
 

 
 

Figure 2. Molecular structure of cellulose showing the β-1-4  
glucopyranase molecule and the dimolecular cellobiose unit in the lin-
ear polymer. The intra- and inter-chain weak hydrogen bonds are 
shown by broad dashed lines. 

the cell wall. The synthesis of network structured cellu-
lose from the basic repeat unit by the bacteria, however, 
is known to be extracellular and has two distinct stages: 
linear polymerization of the cellobiose units catalysed by 
the enzyme, cellulose synthase followed by crystalliza-
tion of the linear chains. The crystallization is influenced 
by cellulose synthase and the proteins present in pores on 
the cell surface. A diagrammatic representation of the 
formation of cellulose ribbons on the cell surface is 
shown in Figure 3. The first step is the polymerization of 
β-1-4 glucan to form a linear chain polymer, which may 
contain anywhere from 300 to 10,000 cellobiose units de-
pending on the source and synthesis conditions. These 
linear chains are then known to associate with the 
neighbouring chains to form aggregates of typically 
1.5 nm width. The aggregates further combine to form 
crystalline microfibrils or profibrils of width 3.5 nm, 
which bundle to form the macroscopic ribbons. The spa-
tial arrangement of the pre-microfibril aggregates pro-
vides crystallinity, and several allotropic forms have been 
detected depending on the source and synthesis condi-
tions. Most common among these is cellulose I, wherein 
two chains are oriented parallel to each other in a mono-
clinic unit cell, P21 compared to the other allotropic 
forms. This form is known to be thermodynamically less 
stable compared to cellulose II wherein the two chains 
are oriented antiparallel to each other. The aggregates 
form bands of width ~ 100 nm called fibrillar bands and 
these bands form the 3D reticulated network structure 
(Figure 4). The size of these fibrils and their spatial ar-
rangement depends on the type of cellulose-synthesizing 
organism. The width of the bands, degree of polymeriza-
tion, degree of crystallinity and size of the crystallites in 
the case of cellulose obtained from plants is in general 
found to be lower compared to bacterial cellulose4,9–11. 
These structural differences lead to physical property 
variation, mainly the mechanical strength of cellulose 
 

 
 

Figure 3. The synthesis mechanism of cellulose by acetobacter xylin-
ium at the cell surface showing the different hierarchical stages invol-
ved. Formation of the linear polymer occurs in the pore of the cell 
surface, while the microfibril formation is known to be exogenous. 
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Figure 4. Secondary electron image of oven-dried bacterial cellulose 
showing clear fibrillar bands of < 100 nm width, which form the three-
dimensional network-like structure. 
 
 

fibres. The typical Young’s modulus of BC is found to be 
in the range 15–35 GPa, with the tensile strength in the 
range 200–300 MPa. The cellulose obtained from bacteria 
is known to have unique properties over plant cellulose 
such as: 
 
1. Absence of lignin and hemicellulose, making it a 

highly pure source of cellulose. 
2. High degree of polymerization combined with crystal-

linity (60–70%), leading to high Young’s modulus at 
room and elevated temperatures. 

3. Extremely high water-holding capacity, up to 100 
times its self-weight. 

4. Excellent biodegradability and biological affinity. 
 
Because of these unique properties of BC, several appli-
cations based on advanced technologies have been  
demonstrated and are being projected. A point to be re-
membered here is that large-scale synthesis of pure  
cellulose using bacteria as the source is relatively more 
difficult compared to extraction of plant-based cellulose. 
Although large-scale synthesis of BC is relatively  
difficult, due to its superior properties compared to plant 
cellulose, several applications based on BC have been 
demonstrated. Some of the most recent applications 
which exhibit technological potential are discussed below. 

Bacterial cellulose and nanoparticle-embedded 
composites 

Bacterial cellulose exhibits a fibrous network structure 
with high strength obtained from the fibres and low 

density owing to the porous nature of the arrangement of 
the fibres. The porosity consists of micro/nanoporous 
spaces which can house a variety of particles made from 
different materials, and thus acts as a template. These 
second-phase particles are anchored to the fibres and they 
provide an additional functionality to BC. The micro/ 
nanosize of the porosity provides a natural methodology 
to control/restrict the size of the particles. Additionally, 
the hydroxyl and aldehyde groups present in the molecu-
lar chains of BC are known to provide a reducing atmos-
phere, and thus help in the precipitation of second-phase 
particles. Utilizing this flexibility, BC has been function-
alized to form an interesting variety of composite struc-
tures with nanoparticles embedded in the porous network 
structure. Such composite structures have recently been 
synthesized and studied for various applications. These 
applications have been classified into two main catego-
ries: (1) biological/health-care applications and (2) non-
biological applications, apart from the structural applica-
tions of pure cellulose which are well known and hence 
not discussed in detail in this review. 

Biological/health-care applications 

The unique properties of BC – extremely high hydro-
philicity, high water-retention capacity and mechanical 
strength coupled with its biocompatibility are the reasons 
for its health-care applications such as wound healing, 
burn dressing and tissue regeneration scaffold applica-
tions. Wound healing requires that the material facilitate 
tissue regeneration without loss of fluid and infection. BC 
was found to effectively provide for these requirements 
and also the ease of application was high. It could be kept 
on the wound for 7 days without any changes during 
which time it maintained moisture control both by  
absorption of exudates from the wound and release of  
water/moisture from its unique structure12,13. The re-
quirement for burn injuries is more stringent, wherein the 
normal procedure is to use skin grafting depending on the 
degree of burn. The effectiveness of BC in wound healing 
in the case of second degree skin burn cases has been  
studied14–16. It was found that BC not only protected the 
burn wound, but also accelerated the healing process. 
Due to its flexibility coupled with strength and conform-
ability, BC could be used in different contour locations, 
including moving parts of the human body. Another 
stringent biological requirement comes from an applica-
tion such as cardiovascular bypass implant. The material 
to be used for this must conform to blood and tissue 
compatibility, endothelization, cell ingrowth, surgical 
handling and common methods of sterilization. Klemm 
and co-workers4,17–20 used tubes made of BC as arterial 
grafts in rats and pigs for extended periods of time (Fig-
ure 5). It was found that BC tubes facilitated the growth 
of neointima and active fibroblasts. The grafts in carotid 
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Figure 5. a, Tubes of BC with different diameters which can be used 
for arterial grafting applications. b, Long tubes can also be grown. 
These tubes made from renewable resources indicate their potential for 
application. (Reproduced from Wippermann et al.19.) 

 
 

Figure 6. Incorporation of AgCl nanoparticles into the BC matrix 
renders it an antimicrobial property. Pure BC (a) does not indicate any 
microbial inhibition, while the AgCl-impregnated BC (b) exhibits a 
dark inhibition ring of 2 mm around the BC pellicle. (Reproduced from 
Schumann et al.20.) 
 

artery of pigs showed that 87.5% did not develop any 
blocks after 3 months in the native environment, indicat-
ing the potential of BC for tubular implants10. 
 The wound-dressing capability of pure BC has been 
further augumented by incorporating AgCl nanoparticles 
into the BC matrix. The AgCl nanoparticle-incorporated 
BC was found to develop an ‘inhibition zone’ around it 
(Figure 6) and exhibited 100% antimicrobial activity for 
the two strains, Escherichia coli and Staphylococcus 
aureus21. This is possibly due to reduction of AgCl by BC 
and subsequent formation of Ag nanoparticles which are 
known to have antimicrobial property. A BC/polyethylene 
glycol (PEG) composite was recently synthesized to test 
its viability for tissue scaffold application. PEG is known 
to be bio-soluble, soluble in human biological fluids and 
hence has been used for implants coating to promote cell 
growth and also for enhancing the circulation time of 
drugs. Hence it was combined with BC to study cell  
viability and growth. The BC/PEG composite was found 
to permit 3T3 fibroblast cell adhesion and spreading on 
the surface, thus facilitating cell proliferation22. In  
another study, BC was combined with hydroxyapatite for 
bone-healing application23. The hydroxyapatite crystals 

coating onto BC microfibrils resulted in increased cell  
attachment and also the composite led to increased alka-
line phosphatase activity after 12 days. These results  
indicate that BC/PEG and BC/hydroxyapatite scaffolds 
can activate bone formation. 
 The above mentioned applications are novel and typi-
cal in nature. These examples amply demonstrate the fea-
sibility of using BC for biological applications. 

Electronic and catalytic applications 

BC with its nanofibrous, porous network structure has 
found use as a template in a variety of electronic and 
catalytic applications apart from the biological applica-
tions discussed above. The main advantage of these struc-
tures is their biodegradability and relative ease of 
synthesis of the composites. The functionality in these is 
imparted by the incorporation of suitable second-phase 
materials by post-growth infiltration into the pores.  
Recently, an electrically conducting BC has been synthe-
sized by the incorporation of multi-walled carbon nano-
tubes24. These carbon nanotubes were first ultrasonically 
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distributed in pure water (0.5 g l–1) to which a surfactant 
such as cetyl trimethyl ammonium bromide was added to 
prevent the nanotubes from aggregation. The optimal sur-
factant concentration was found to be 0.3 wt% in the case 
of 0.05 wt% nanotube dispersion. Immersion of the BC 
pellicle in this dispersion leads to infiltration of the pores 
with carbon nanotubes, which imparts electrical conduc-
tivity to the composite structure. The inclusion of 
~ 9.6 wt% carbon nanotubes into BC was found to  
increase the electrical conductivity from zero to ~ 1.4 × 
10–1 S cm–1. This technique effectively shows that BC can 
be made electrically conducting by the incorporation of a 
mere 9.6 wt% carbon nanotubes. 
 The flat-panel display technology requires a substrate 
which is tough, transparent and flexible, so that it can be 
used for continuous roll-to-roll process. Several poly-
meric materials have been tested for this application and 
found to be flexible for the purpose of roll-to-roll proc-
essing. These polymers, however, have a large coefficient 
of thermal expansion which makes them unsuitable for 
depositing other functional materials on top. As an alter-
native, Nogi and co-workers25,26 have developed BC nano-
fibre-reinforced transparent composites which have a low 
coefficient of thermal expansion. The acrylic resin, tricy-
clodecane dimethanol dimethacrylate, was incorporated 
into the BC pellicle in partial vacuum for 12 h. The 
5 wt% BC–acrylic resin composite did not lose its optical 
transparency significantly and had an Young’s modulus 
of 25 MPa. The coefficient of thermal expansion of this 
composite, however, was reduced dramatically to 0.05% 
in the temperature range 20–150°C compared to 3.1% for 
the pure acrylic resin. The efficacy of this BC–acrylic 
resin composite as a substrate for flat-panel display was 
demonstrated by fabricating an organic LED on this com-
posite. This system exhibits electroluminescence (Figure 
7) and shows its potential for display applications. 
 
 

 
 

Figure 7. A light-emitting diode coated onto a transparent BC exhib-
its luminescence over an area of ~ 40 mm × 25 mm. (Reproduced with 
permission from Nogi et al.25.) 

 Electro-active polymers are materials which exhibit a 
large, reversible deformation on actuating with a small 
electrical pulse. These materials are of significant interest 
as possible muscle tissue replacement and hence develop-
ment of biocompatible electro-active systems is an area 
of considerable technological interest. Recently, Jeon et 
al.27 have synthesized an actuator that exhibits a large  
deformation using LiCl-impregnated BC. In the fully  
hydrated state the composite shows bending actuation on 
application of both step and harmonic electrical inputs. 
The composite exhibits a transient displacement of 
0.6 mm and a steady state displacement of 0.2 mm under 
a DC excitation of 2.5 V. The actuator stores an electrical 
energy of 0.8 mA cm–2 at 0.5 Hz and 3.0 V. Impregnation 
of LiCl into BC was found to reduce the lag time between 
the driving voltage pulse and tip displacement of the  
actuator compared to pure BC actuator. The extent of  
cyclability and its biocompatibility, however, needs to be 
fully demonstrated for in vivo application. This study 
shows that high levels of actuation are possible in the  
hydrated state of BC, if it is made highly conducting with 
a biocompatible additive. 
 Another physical property of a material which has been 
used in a wide variety of areas ranging from information 
technology to drug delivery is ‘ferromagnetism’. Achiev-
ing ultra-high densities of information storage as well as 
directed or targetted drug-delivery strategy using ferro-
magnetic materials requires synthesis of non-aggregated 
nanoparticles. In this context, synthesis of templated fer-
romagnetic nanoparticles has been found to be a promis-
ing route. Since BC is made of nanoscale fibres randomly 
organized in 3D space providing an open porous struc-
ture, they are used as templates for the precipitation of 
magnetic inorganic nanoparticles. The main advantage is 
that this technique apart from preventing particle aggre-
gation can also prevent inter-particle interactions by iso-
lating them in the porous network. Both ferrite, an oxide 
form of Fe28,29, and pure magnetic metal nanoparticles have 
been incorporated into BC pellicles. The BC pellicles 
with ferrite particles varying in size from 2 nm to 20 nm 
were found to be superparamagnetic at room tempera-
ture30,31, while those with 40–130 nm Co-ferrite nanopar-
ticles were found to be ferromagnetic32. A striking feature 
of this composite is that when it is freeze-dried to remove 
the water, it retains its flexibility even after bending  
several times through 180°. However, if the water is  
removed by mechanical squeezing or compression, the 
network structure collapses and forms a paper-like struc-
ture with high mechanical strength. Recently, pure ferro-
magnetic metallic nanoparticles such as Ni and Co have 
also been incorporated into BC by a simple aqueous pre-
cipitation technique33,34. The BC impregnated with Ni 
nanoparticles was found to exhibit an unusual magnetic 
behaviour – both superparamagnetic and ferromagnetic. 
The composite had a clear coercivity of 28 G at 300 K, 
which increased to 2900 G at 1.8 K (Figure 8) and also 
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had a blocking temperature of 20 K as observed by a.c. 
susceptibility35. These results clearly show that magnetic 
BC can exhibit a rich variety of magnetic structures 
which can be exploited for magnetism based technologies 
such as a magnetic paper or a magnetic actuator. 
 The high degree of versatility that BC offers for use in 
a wide range of applications is demonstrated by the fol-
lowing examples. Environmental pollution is a matter of 
serious concern the world over and in particular ground-
water contamination by both organic and inorganic indus-
trial pollutants. Among the many industrial pollutants, 
phenols such as pentachlorophenol and 2-nitrophenol 
have been identified to be extremely carcinogenic as they 
cause irreversible damage to human health. These che-
micals are used widely for treatment of wood, in dyes, 
pesticides and pharmaceuticals. As a result of such wide-
spread usage, they are found in all the three media with 
which humans interact – air, water and soil. Another in-
dustrial pollutant is different textile dyes which find their 
way into groundwater streams. The water that is contami-
nated with these dyes becomes coloured and prevents 
sunlight from reaching the lower strata of the aquatic sys-
tem. This disturbs the ecological balance of the aquatic 
system and also imparts acute toxicity to the water. 
Hence treating the water which is contaminated with 
these pollutants has become a matter of utmost priority. 
Various methodologies, biological and physico-chemical, 
are being developed to treat the water before it is dis-
charged into the ground. One such effort is to use BC as a 
renewable matrix to hold the catalyst particles that help in 
breaking down the industrial pollutants and some recent 
examples of the efforts in this direction are discussed  
below. 
 Patel and Suresh36 synthesized palladized BC on an 
acrylic disc and studied its effect on the dechlorination 
 
 

 
 

Figure 8. The ferromagnetic nature of Ni nanoparticles is preserved 
even when they are impregnated into the BC matrix, as shown by the 
hysteresis behaviour. Transmission electron microscopy clearly shows 
the Ni nanoparticles trapped in BC. (Reproduced from Vitta et al.35.) 

of pentachlorophenol, both in batch and continuous 
modes. The pentachlorophenol gets completely dechlori-
nated in the presence of Pd catalyst and H2 gas within 
about 2 h into phenol and free chloride ions for two  
different pH values of the feed solution, 5.5 and 6.5 (Fig-
ure 9). The catalytic activity of Pd, however, was not  
inhibited and could be reused. In the case of continuous-
flow-mode dechlorination, there was significant reduction 
of pentachlorophenol in the effluent compared to the feed 
concentration, clearly indicating that dechlorination was 
taking place. Inorganic pollutants such as nitrates could 
also be degraded to nitrogen and ammonia using BC-
supported Pd–Cu catalyst nanoparticles. The nitrate con-
centration in the polluted water was found to decrease 
rapidly by 87% within about 100 min, and the most  
advantageous aspect is that the catalyst particles could be 
reused. The catalytic activity was sustained even after 
five runs, indicating the stability and reusability of the 
catalyst nanoparticles37. 
 Titanium dioxide (TiO2) is shown to be highly effec-
tive in breaking down pollutants in the presence of light, 
photocatalysis. Nanoparticles of TiO2 show a further  
enhancement in the catalytic activity due to their high 
specific surface area. Sun et al.38 have recently demon-
strated that nanoparticles of TiO2 can be synthesized in 
the presence of BC which acts both as a matrix to hold 
these particles and also provides sites for the nucleation 
of the particles from the liquid medium. Autoclave com-
bustion of ethanolic solution of Ti(OBu)4 at 150°C in the 
presence of BC nanofibres resulted in the formation of 
TiO2 nanoparticles-coated BC. The photocatalytic acti-
vity of these BC/TiO2 composite fibres (Figure 10) was  
studied for a model pollutant, methyl orange. It was  
 
 

 
 

Figure 9. Batch-mode dechlorination kinetics of petachlorophenol in 
the presence of H2 gas and Pd nanoparticles embedded in the BC  
matrix. The concentration of pentachlorophenol drops by > 90% in just 
60 min. and is nearly completely broken down after 120 min. (Repro-
duced from Patel and Suresh36.) 
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Figure 10. Transmission electron micrograph showing TiO2 nano-
crystals coated onto BC, which have a high level of photocatalytic  
activity for methyl orange degradation. (Reproduced from Sun et al.38). 
 
 
found that the catalytic activity of BC/TiO2 in the  
presence of UV radiation was higher than that of com-
mercial photocatalyst, P25. 
 Another interesting application of the catalytic poten-
tial of metal nanoparticles deposited in BC fibres is in  
using them as proton-exchange membranes in fuel cells. 
A characteristic property that is required of these mem-
branes is that they should be porous to the transport of 
protons and non-porous to the flow of fuel across the 
membranes. Several candidate materials such as ionomers 
are being studied for this application. At the same time, 
studies to find alternatives which are efficient and biode-
gradable are in progress. Pd- and Pt-nanoparticle-loaded 
BC offers one such alternate materials combination. The 
metal particles deposited from the hexachloro-salts were 
in nanometre size range and were attached to BC fibrils. 
The fuel cell fabricated using these membranes generated 
an output of 84.3 μW cm–2 in the presence of 4% H2 at 
40 ml min–1 in the case of Pd–BC, while Pt–BC generated 
12.1 mW cm–2 in the presence of pure H2 at 10 ml min–1 
(refs 39, 40). These results clearly indicate the potential 
of catalyst-loaded BC for oxidation of hydrogen in fuel 
cells. Additionally, ionic conductivity of pure BC can be 
increased by doping which facilitates its use as a proton 
exchange membrane in fuel cells. 
 To summarize, the strong open network structure of 
BC coupled with its biodegradability and biocompatibi-
lity offers a wide range of opportunities to functionalize 
them differently. BC has been used as a matrix to incor-
porate nanoparticles of interest to various fields ranging 
from medicine to electronics to catalysts. This is possible  
because of the relatively stable and inert nature of BC, 
which allows metallic, ceramic and polymeric materials 
to be incorporated into its porous structure. Although the 
process of network formation has been understood, at 
present techniques to regulate or control the network 
formation so as to get porosity with required shape and 

size of the pores are still not known or available. A firm 
control over these structural parameters will lead to a 
quantum increase in the usage of functionalized BC for a 
wide variety of applications in the near future. Another 
factor which needs investigation and development is the 
ability to synthesize BC in large quantities. Presently, BC 
is made in the form of small discs or pellicles of maxi-
mum size ~ 150 mm diameter and 5 mm thickness. Large 
size and scale production requires optimization of bacte-
rial culturing process and synthesis at affordable costs. 
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